Combined with the existing stochastic lightning parameterization scheme, a classic tripole charge structure in thunderstorms is assumed in the paper, and then 2-dimensional fine-resolution lighting discharge simulations are performed to quantitatively investigate the effect of lower positive charge (LPC) on different types of lightning. The results show: (1) The LPC plays a key role in generating negative cloud-to-ground (CG) flashes and inverted intra-cloud (IC) lightning, and with the increase of charge density or distribution range of LPC region, lightning type changes from positive polarity IC lightning to negative CG flashes and then to inverted IC lightning. (2) Relative to distribution range of charge regions, the magnitude of charge density of the LPC region plays a dominant role in lightning type. Only when the maximal charge density value of LPC region is within a certain range, can negative CG flashes occur, and the occurrence probability is relatively fixed. (3) In this range, the charge density and distribution range of LPC region jointly determine the occurrence of negative CG flashes, which has a linear boundary with the trigger condition of IC lightning. (4) The common effect of charge density and distribution range of the LPC region is to change the distribution of positive potential well of bottom part of thunderstorms, and inverted IC lightning occurs when the initial reference potential is close to 0 MV, and negative CG flashes occur when the initial reference potential is far less than 0 MV. 
After natural lightning is triggered, why are some lightning channels terminated in the air to form IC lightning and others are able to develop to the ground to become CG flashes? The propagation behavior of lightning channels and the reason for formation of different types of lightning have been difficult problems in lightning scientific research field for a long time. With the development of modern observation and numerical simulation techniques, numerous studies indicated that lightning types, polarity, and propagation behavior may be closely related to the charge distribution of thunderstorms (Mazur et al., 1998; Zhang et al., 2006; Krehbiel et al., 2008; Zheng et al., 2010; Akita et al., 2011) . The typical charge distribution of thunderstorms is a dipole or tripole charge structure, and the difference between them is whether there is an LPC region (Williams, 1989) . However, whether there is a positive charge region at the bottom of thunderstorm and its magnitude may be the critical factors for the formation of negative CG flashes and inverted IC lightning (Qie et al., 2005; Nag et al., 2009) . Clarence et al. (1957) and Tessendorf et al. (2007) suggested that the existence of LPC region serves to enhance the electric field at the bottom of the negative charge region, thereby facilitating the launching of a negatively-charged leader toward ground. Wang et al. (1987) and Liu et al. (1989) found that a large LPC region usually exists at the bottom of the storms, and nearly all the IC flashes appear to occur in the lower portion of the cloud in Chinese Inland Plateau. Pawar et al. (2004) found that the LPC region plays a dominant role in initiating an IC or CG flash by the surface measurements of electric field and Maxwell current near a tropical thundercloud. Qie et al. (2005) revealed a tripole charge structure with a larger-than-usual LPC region in thunderclouds over the Tibetan Plateau of China, and reported that the large LPC prevents negative CG flashes from occurring and facilitates inverted IC flashes. However, in the late stage of the storm, negative CG flashes could be triggered frequently because of the substantial reduction of LPC. Nag et al. (2009) qualitatively examined the inferred dependence of lightning type on the magnitude of the LPC region by assuming that the preliminary breakdown pulse train is a manifestation of interaction of a downwardextending negative leader channel with the LPC region. They inferred that when the magnitude of LPC region is abnormally lager (comparable in magnitude to that of main negative charge), inverted IC flashes are expected to occur; when the magnitude of LPC region is even smaller than that of main negative charge region, negative CG flashes are expected to occur. And the magnitude of LPC region can also affect the horizontal extension of negatively-charged leader, that is, a larger LPC region facilitates negatively-charged leader horizontal propagation in cloud first. All these have shown that the LPC region in thunderclouds has a great impact on lightning type and the propagation behavior of lightning leaders, and at present the research on the effect of LPC region on lightning type and propagation features can be divided into two categories, i.e., either analyzing the effect of charge structure by observation on lightning type (Clarence et al., 1957; Wang et al., 1987; Liu et al., 1989; Pawar et al., 2004) , or inferring the charge distribution in thundercloud through the lightning behavior by observation (Qie et al., 2005; Tessendorf et al., 2007; Nag et al., 2009) . Because of the limitation of sounding observation technique, it is difficult to acquire the information about charge structure (including charge density, horizontal and vertical distribution range, and total charge volume) in thunderclouds roundly, so the conclusions are mostly qualitative or inferred, hardly able to understand the effect of LPC on lightning behavior roundly.
So, how does LPC affect lightning types and propagation behavior of lightning leaders in the end? And how do the charge magnitude and distribution range of LPC region affect lightning discharges? To solve these problems, it is necessary to carry out theoretical computing work. At present, the charge structures obtained from thunderstorm electrification and lightning numerical model are divergent from the complex charge structures of natural thunderstorms (Guo et al., 2003; Coleman et al., 2003) , for the lack of knowledge about electrification mechanisms; it is hard to quantitatively analyze the effect of LPC region on lightning behavior by changing the charge magnitude and distribution range of LPC region, for the charge structures from thunderstorm electrification are relatively fixed. Therefore, based on the existing stochastic lightning parameterization scheme (Tan et al., 2006a (Tan et al., , 2006b (Tan et al., , 2007 , the assumption of a tripole charge structure in thunderstorms is used in the paper. The paper will quantitatively analyze the effect of LPC on lightning discharges through sensitive experiments of numerical simulation, and will put emphasis on the analysis of the effect of charge magnitude and distribution range of LPC region on lightning types. Tan et al. (2006a Tan et al. ( , 2006b Tan et al. ( , 2007 developed a fine-resolution lightning parameterization scheme based on the work of Mansell et al. (2002) . On the basis of the work, to carry out sensitive simulation experiments conveniently, the assumption of a tripole charge structure in thunderstorms is used in the paper. The space charge distribution provided by the charge structure is used as background field to carry out the following experiments of lightning simulations.
Simulation method

Assumption of distribution of charge structure in thunderstorms
In order to reproduce the lighting spatial form that can be compared to the natural lightning channel diameter, 2-dimensional Cartesian coordinate system with fine resolution is used. The simulation domain is 76 km×20 km, and resolution is 12.5 m×12.5 m. The charge distribution in thunderclouds is assumed to be a tripole structure (Williams, 1989) with an additional negative screening charge layer at the top of storms, so the vertical distribution of the charge structure from up to down is: negative screening charge region (S), upper positive charge region (P), main negative charge region (N), and lower positive charge region (LP) (Figure 1) . charge structure with four charge regions within convective updrafts in thunderstorms, and a negative screening layer usually exists at the top of storms (Vonnegut et al., 1966; Brown et al., 1971; Klett, 1972; Marshall et al., 1989; Bruning et al., 2007) . So, it is more close to actual situation to use the charge structure, and Krehbiel et al. (2008) simulated upward electrical discharges from thunderstorms with the charge distribution. The charge regions are assumed to be ellipse, which are centered on x 0 and z 0 , and regard r x and r z as the long and short half axis. The charge density distribution in charge regions is assumed to have a Gaussian spatial distribution, which has the maximal charge density in the center of charge regions. Bell et al. (1995) used the same charge density distribution in their 2-D dipole-charge model of quasi-electrostatic field. The specific charge density distribution in positive and negative charge regions is determined by the following formula:
The ρ 0 in the above formula is used to control the maximal charge density of positive and negative charge regions, and it represents the magnitude distribution of charge density in charge regions. From the above formula, we know that the charge density magnitude and distribution range of charge regions are determined by the five parameters: ρ 0 , x 0 , z 0 , r x , r z . In this paper, we focus on the discussion of the effect of LPC region on lightning behavior, so only r x and ρ 0 in LP are varied in the process of simulation, and other parameters are fixed. The distribution range values of charge regions follow the model of Krehbiel et al. (2008) , and the specific values of these parameters are shown in Table 1 . To discuss it conveniently, we define D x =2r x as the horizontal distribution range of charge regions and ρ 0x as the maximal charge density of charge regions, and the subscript x can be S, P, N, and LP, which corresponds to different charge regions. What needs to explain especially is when we discuss different cases, ρ 0 , r x and corresponding D x in S, P and N will also vary, and how they vary will be described in detail in section 2.3.
Lightning parameterization scheme
With regard to lightning parameterization scheme, Mansell (Kasemir, 1960) , and they successfully simulated IC lightning channels with bi-level branched structure and CG flashes. However, the resolution (500 m) is not fine and the method to adjust the overall charge neutrality is not well rationed. In addition, a flash was presently classified as a CG flash when a leader branch reached down to 1.5 km altitude. Tan et al. (2006a Tan et al. ( , 2006b Tan et al. ( , 2007 tested an improved lightning scheme with runaway breakdown and bidirectional stochastic propagation, and performed IC lightning simulation in fine resolution (12.5 m). The simulation results produced a bi-level branched channel structure in agreement with observation data. Tao et al. (2009) also modified the stochastic lightning scheme with a new CG treatment scheme, and simulated CG flashes whose leaders can reach ground directly for the first time. This paper applies the existing stochastic lightning parameterization scheme, chooses the high-varied or runaway electronic field threshold as initial breakdown threshold, and assumes lightning being bidirectional propagation from the initiation point. In the model, the lightning channels extend forward step by step, and each time positive or negative leaders can only extend a successive channel point. We also considered the effect of channel potential on ambient potential in the process of discharges. The electric potential is solved again when a new extension is finished, and a lightning event terminates when no new extension can be found in the overall simulation domain.
Simulation results
The charge magnitude of LPC region is jointly determined by the charge density magnitude and the distribution range of charge regions when the charge distribution form is fixed, and the two variables are independent of each other. Therefore, this paper will investigate the effect of LPC region on lighting types and propagation behavior from the two aspects respectively. As the variation of vertical distribution range is limited , the distribution range here is designated as the horizontal distribution range.
Effect of charge density magnitude of LPC region on lightning discharges
According to formula (1), ρ 0 is the maximum value of charge density in charge regions, and it represents the magnitude distribution of charge density in charge regions. So, this paper first investigates the effect of ρ 0LP on lightning behavior by changing its magnitude. Figure 2 shows lightning channel structures and space charge distributions from different charge density magnitudes of LPC region. The charge configuration is the same in Figure 2 34  36  38  40  42  44  32  34  36  38  40  42  44   32  34  36  38  40  42  44  32  34  36  38  40  42 44
Figure 2 Lightning channel structure and space charge distribution from different charge density magnitudes of LPC region. Horizontal ordinate is the horizontal distance of simulation domain, ordinate is the height from ground, and solid is for positive charge density contour and dashed is for negative charge density contour. The charge density contour is equal to ±0.2, ±0.7, ±1.2, ±1.7 nC/m 3 in turn, the black diamond is for initiation point, and gray and black lines are for positive, negative leader respectively. difference in Figure 2 (a), (b), (c), and (d) is the magnitude of ρ 0LP , which is 1.5, 3.0, 4.0, and 4.5 nC/m 3 respectively. As shown in Figure 2 , with the increase of charge density of LPC region, the lightning type changes from positive polarity IC flashes to negative CG flashes and then to inverted IC flashes: (1) When the charge density of LPC region is small (Figure 2(a), (b) ), lightning initiates between upper positive and negative charge regions of thunderstorms. Positive and negative leaders tend to propagate vertically from the initiation point at first, then negative leaders tend to extend horizontally after propagate upward to pass through the accumulative region of positive charge, and positive leaders also tend to extend horizontally after propagate downward to pass through the accumulative region of negative charge. There are a significant number of branches inside the high charge density zone and a few branches inside the low charge density zone, and the whole intracloud lightning channel presents a bi-level branched structure (Shao et al., 1996; Dong et al., 2002) . (2) When the charge density of LPC region is large (Figure 2(c) ), lightning initiation point changed. The lightning initiates between positive and negative charge regions of the lower portion of cloud, and it is a negative CG flash. The negative leaders reach ground after propagate downward to pass through the positive charge region. The negative leaders in positive charge region with multiple branches, and tend to propagate alone after pass through the positive charge region. The propagation characteristics of positive leaders are similar to those of IC flashes. Mansell et al. (2005) also found that negative polarity CG flashes occurred when the LPC region had sufficient charge density to cause high electric fields. (3) When the charge density of LPC region is abnormally large (Figure  2(d) ), lightning also initiates between positive and negative charge regions of the lower portion of cloud, but it is an inverted IC flash. The propagation features of the inverted IC flash leaders are consistent with those of normal IC flash, and only the initiation point and polarity changed. With regard to the two types of IC lightning, Zhang et al. (2002 Zhang et al. ( , 2004 revealed that in the case of a tripole charge structure, IC flashes not only occur between upper positive charge region and middle main negative charge region, but also can occur between middle main negative charge region and LPC region by using the observation data of lightning VHF radiation source. Qie et al. (2000 Qie et al. ( , 2009 and Cui et al. (2009) further confirmed that only the tripole charge structure with a larger-than-usual LPC region in thundercloud will facilitate the occurrence of IC lightning within the upper dipole and lower dipole regions. These observation facts also have proved the rationality of our simulation result.
The above results indicate that when the distribution range of LPC region is fixed, the increase of charge density of LPC region will result in the occurrence of different lightning types, but this is when D LP equals 3 km, and what will the results be when D LP takes other values? Table 2 gives the simulation results of the effect of ρ 0LP on lightning type, when D LP takes different values. As shown in Table 2 , the effect of charge density on lightning type is very prominent, though there are differences between distribution range of LPC region, while they all have the phenomenon that lightning changes from positive polarity IC flashes to negative CG flashes and then to inverted IC flashes with the increase of charge density of LPC region. Figure 3 shows lightning channel structures and space charge distributions from different distribution ranges of LPC region. The ρ 0LP of LP is 3.2 nC/m 3 in Figure 3 (a), (b), (c), and (d), and the only difference between them is r x of LP, which is 1.5, 2, 2.5, and 3 km respectively. As shown in Figure 3 , under the same charge density distribution, the lightning type and propagation behavior of leaders can also have great changes with the increase of distribution range of LPC region. When r LP equals 1.5 km (Figure 3(a) ), lightning initiates between upper positive and negative charge regions of thunderstorms, and it is a positive polarity IC flash; when r LP equals 2 and 2.5 km (Figure 3(b), (c) ), lightning initiates between positive and negative charge regions of the lower portion of cloud, and they are negative CG flashes. Comparing the propagation behavior of negative leaders in Figure 3(b) and (c), we find that the grounded negative leaders reach ground mainly in a vertical downward manner in Figure 3(b) , but the grounded negative leaders will propagate a horizontal distance (about 3 km) first, and then bend to reach ground in Figure 3(c) , which makes the horizontal distance between ground stroke point and initial point to be 4.5 km. Akita et al. (2011) found that the negative leaders of negative CG flashes propagated a horizontal distance about 10 km in cloud first, and then bent to reach ground, but they did not give an explanation. From the simulation results, we believe that the horizontal propagation of negative leaders may be the cause of a large horizontal distribution range of LPC region in thunderstorms; 34  36  38  40  42  44  32  34  36  38  40  42  44   32  34  36  38  40  42  44  32  34  36  38  40  42  44 z (km)
Effect of distribution range of LPC region on lightning discharges
Figure 3 Lightning channel structure and space charge distribution from different distribution ranges of LPC region.
when r LP equals 3 km (Figure 3(d) ), lightning initiates between positive and negative charge regions of the lower portion of thundercloud, and it is an inverted IC flash. The negative leaders pass through positive charge region but do not reach ground. Qie et al. (2000 Qie et al. ( , 2005 Qie et al. ( , 2009 ), Cui et al. (2009) and Nag et al. (2009) indicated that a large distribution range of LPC region facilitates the occurrence of inverted IC flashes, and all these have confirmed the rationality of our simulation results. The above results indicate that under the same charge density distribution of LPC region, the effect of distribution range of LPC region on lightning type and propagation behavior of leaders is also prominent, and lightning also changes from positive polarity IC flashes to negative CG flashes and then to inverted IC flashes with the increase of distribution range of LPC region. Table 3 is the simulation results of the effect of distribution range of LPC region on lightning type when ρ 0LP takes different values. As shown in Table 3 
Quantitative simulation results of the relationship between LPC and lightning type
It is not hard to find by comparing the results of Tables 2 and 3 that the effect of LPC in thunderstorms on lightning type is the result of common effect of charge density and distribution range of LPC region, but the effect degree from the two is different, and the effect of charge density magnitude of LPC region on lightning type is more prominent, so lightning type is determined mainly by the charge density magnitude of LPC region. To further research the effect of charge density and distribution range of LPC region on lightning type and give a quantitative result, the sensitive simulation experiments are designed in the paper, and the experiment program is as follows: The initial value of ρ 0LP is 0.4 nC/m 3 , and increases in steps of 0.4 nC/m 3 , and the maximal value is 6.4 nC/m 3 , which is consistent with the cloud charge density range (0-6.7 nC/m 3 ) through in situ balloon measurements by Marshall et al. (1998) . The initial value of D LP is 1 km and increases in steps of 0.5 km, and the maximal value is 6 km. We ensure D LP ≤D N , mainly considering the distribution range of LPC region is smaller than that of main negative charge region (Krehbiel et al., 2008; Nag et al., 2009) . Each group (ρ 0LP , D LP ) can conduct a simulation experiment, and it has 176 groups in all. For each fixed ρ 0LP , 11 times of lightning simulations with different D LP are conducted. To discuss it conveniently, this paper makes statistic for each fixed ρ 0LP respectively: the proportion of positive polarity IC flashes in these 11 times of lightning (R 1 ); and the proportion of negative CG flashes in these 11 times of lightning (R 2 ); and the proportion of inverted IC flashes in these 11 times of lightning (R 3 ). The base map in Figure 4 , which is probably in the range of 27% to 36%. Only in the starting part (2.6-2.8 nC/m 3 ) and ending part (4.2-4.5 nC/m 3 ), does its proportion present a rapid change. The actual distribution of charge structure in thunderclouds is ever-changing, in order to obtain a more universal law to ensure that the configuration of upper charge regions (including S, P, and N) satisfies triggered condition, we repeat the simulation experiments by changing ρ 0x and D x of upper charge regions (for specific value see Table 4 ). The results are shown in Table 5 . The parameter R P in Table 5 is the ratio of absolute value of ρ 0LP to the sum of absolute value of ρ 0P and ρ 0N when negative CG flashes can occur, that is R P =|ρ 0LP |/(|ρ 0P |+|ρ 0N |). From Table 5 we know that under different cases, the range of ρ 0LP is variable when negative CG flashes occur, but the value of R P follows certain law, and the value of R P basically within 0.48±0.01-0.79±0.06 when negative CG flashes occur. As mentioned above, only when the value of ρ 0LP within a range, can three types of lightning occur, and they are the results of common effect of charge density and distribution range of LPC region. Therefore, this paper discusses the situation that negative CG flashes occur under different charge density magnitude and distribution range of LPC region, and the results are shown in Figure 5 . The y 1 in Figure 5 is the boundary point between positive polarity IC flashes and negative CG flashes, and y 2 is the boundary point between negative CG flashes and inverted IC flashes. The initial value of D LP in Figure 5 is 3 km and not 1 km, because the simulation results are all IC flashes when D LP is less than 3 km. From Figure 5 , we find negative CG flashes are confined in a certain charge density magnitude and distribution range of LPC region. Their boundaries present a good linear relationship, and the fitting relationship of y 1 and y 2 are shown in Figure 5 . Therefore, only when ρ 0LP and D LP satisfy the relationship of 4.9-0.4D LP ≤ρ 0LP ≤6.0-0.5D LP , can negative CG flashes occur. 
Analysis of the results
The change of charge density magnitude and distribution range of LPC region can affect lightning type, because the lightning initiation point has changed. With the increase of charge density or distribution range of LPC region, lightning initiation point occurs between positive and negative charge regions of the lower portion of cloud, thus resulting in different types of lightning to occur. But why sometimes negative CG flashes occur and sometimes inverted IC flashes occur though both of them initiate between positive and negative charge regions of the lower portion of cloud? To study this problem, the paper analyzes their potential distribution. Figure 6 shows the potential distribution of pre-discharge and lightning channel structures of negative CG flashes and inverted IC flashes, and Figure 6 Figure 6 , there is an obvious difference between the reference potential (Tan et al., 2006b; Tao et al., 2009 ) of negative CG flashes and inverted IC flashes, and the initial reference potential of negative CG flashes is negative (about −40 MV), while the initial reference potential of inverted IC flashes is near 0 MV. The results come from the following explanation: in the process of propagation of positive and negative leaders, the current in leaders flows from negative leaders to positive leaders, thus making the tip potential of negative leaders rise continually in the process of propagation, and the grounding potential always is 0 V. Thus, only when the initial reference potential is less than 0 V, with the extension of channel, and when they are close to ground, the internal potential of channel can still be less than 0 V, thereby connecting ground to become a 34  36  38  40  42  44  32  34  36  38  40  42  44   32  34  36  38  40  42  44  32  34  36  38  40  42  44 z (km) negative CG flash. But if the initial reference potential is near 0 V, with the extension of negative leaders, the internal potential of channel rises continually, the channel cannot propagate to ground and terminate in the air to become an inverted IC flash. While with the enhancement of LPC region (including increase of charge density or enlargement of distribution range), the bottom positive potential well (Coleman et al., 2003) begins to appear, and becomes more and more enhanced. The 0 V potential contour compresses more towards main negative charge region, while lightning initiation point all long lies between positive and negative charge regions (the electric field is maximal (Tan et al., 2006b) ), thus making the lightning initial reference potential gradually increase to near 0 V from being far less than 0 V, and the simulated lightning also changes from negative CG flash to inverted IC flash. The effect of charge density magnitude of LPC region on change of lightning type is more prominent than that of distribution range of LPC region, because the electric fields and potential distribution in thunderstorms are determined mainly by charge density magnitude. But when the charge density distribution is the same, the different distribution range of LPC region can also affect electric fields and potential distribution in thunderstorms, thereby affecting change of lightning initiation point, and finally affect change of lightning type. But the effect is prominent only when the value of charge density of LPC region is larger than a certain value.
Discussions and conclusions
The cause of different types of lightning has been one of the important problems, and the existing research mainly gave qualitative conclusions about lightning type and propagation features through space charge distribution. In view of such situation, combined with the existing stochastic lightning parameterization scheme, a classic tripole charge structure in thunderstorms is assumed in the paper, and then 2-dimensional fine-resolution lighting discharge simulations are performed to quantitatively investigate the effect of LPC on different types of lightning. The main conclusions obtained from the simulation are as follows:
(1) The LPC plays a key role in generating negative CG lightning and inverted IC lightning, with the increase of charge density or distribution range of the LPC region, lightning type changes from positive polarity IC flashes to negative CG flashes and then to inverted IC flashes, and such change comes from the change of lightning initiation point and electric potential in thunderclouds.
(2) The effect of LPC in thunderstorms on lightning type is the result of common effect of charge density and distribution range of LPC region, but relative to distribution range of charge regions, the charge density magnitude of LPC region plays a dominant role in lightning type. Only when R P is within 0.48±0.01-0.79±0.06, can negative CG flashes occur, and its proportion is relatively fixed, which is about 27%-36%.
(3) Negative CG flashes are confined in a certain charge density magnitude and distribution range of LPC region, and only when ρ 0LP and D LP satisfy a certain relation, such as 4.9-0.4D LP ≤ρ 0LP ≤6.0-0.5D LP , can negative CG flashes occur.
(4) The common effect of charge density and distribution range of the LPC region is to change the distribution of positive potential well of bottom part of thunderstorms, and inverted IC flashes occur when the initial reference potential is near 0 MV, and negative CG flashes occur when the initial reference potential is far less than 0 MV. With the enhancement of LPC region, the lightning initial reference potential gradually increases to near 0 V from being far less than 0 V, and the simulated lightning also changes from negative CG flash to inverted IC flash.
Combined with the existing stochastic lightning parameterization scheme, a classic tripole charge structure in thunderstorms is assumed in the paper, and the effect of LPC on different types of lightning is explored quantitatively. Given the complexity of charge structure distribution of actual thunderstorms, especially some supercell thunderstorms, some of the conclusions (such as the linear boundary of three types of lightning in Figure 5 ) may be more applicable in some isolated thunderstorms, especially some mountain thunderstorms with weak convection (such as the classic Tibetan plateau thunderstorms in China). In addition, the actual electric sounding in thunderstorms (Zhao et al., 2010) indicated that for thundercloud with a large-than-usual lower positive charge region, an obvious screening charge layer exists at the bottom of the cloud. While the paper simulated lightning discharges only under the charge structure with the screening charge layer at the top of thundercloud, the situation that the screening charge layer is placed at the bottom when the LPC is very large is not considered. During the sensitive experiments, the parameters of other charge regions are needed to be set as constant and only change one variation. Therefore, how big is the effect of screening charge layer at the bottom of thundercloud on lightning propagation, stroke points of CG flashes, and lightning type? Further research is needed to be done. Our future work is how to build the complicated charge structure that is similar to the actual thundercloud, which can make the simulation results close to real situation. Finally, the charge structure adopted in the paper is the tripole charge distribution, in which the charge close to ground is positive. This charge distribution will facilitate the occurrence of negative CG flashes, and the study of charge distribution that facilitates the occurrence of positive CG flashes also is one of the keys of our future work. China (Grant No. 2014CB441403) , the National Natural Science Foundation of China (Grant No. 41175003) , and a Project Funded by the Priority
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